This paper presents an experimental study of the tribological behaviour of a multimaterial system using conventional powder metallurgy process with SiO 2 nanoparticles. Four configurations were studied with and without SiO 2 . The tribological properties of the sintered materials were analysed by wear experiments at lubricated conditions on a ball disc wear test rig. The results are compared with those of conventional material for journal bearing. These show less variation of the friction coefficient and less wear rate for the materials with SiO 2 compared to the ones without SiO 2 and to those of the reference material. The dominant wear mechanism is adhesive wear, accompanied by mild abrasive wear.
Introduction
Powder metallurgy (PM) is one of the most popular solid state methods used in production of metal composites [1] [2] . In PM, the ultimate fabrication procedures of these composites have been well established and consist of mechanical milling, compacting, sintering and plastic deformation. The mechanical milling is based on a high energy ball milling process where a mixture of powders (of different metals or alloys/compounds) is milled together due to high energy collisions with the balls [3] [4] [5] [6] . The compacting process is a method of creating a single metal or a non-metal layer or a composite material as required. The newly produced material needs to have a solid mass of desired shape with an adequate strength in order to cope with the sintering process without breakage or damage. The sintering process involves a thermal treatment of bonding particles together into a coherent, predominantly solid structure via mass transport events that occur largely at the atomic level. The bonding leads to improve the strength and to lower the system energy. Technical and economical advantages of the powder metallurgy have led [7] (i) to produce a wide range of new materials with unique properties from components that have different melting temperatures or show liquid immiscibility, (ii) to control the grain size by varying the reduction ratio of the initial components, and (iii) to develop composites by combining a high-strength components. This has resulted in a sintered method which is one of the most important technological methods in PM [8] [9] [10] [11] [12] . Since this method makes it possible to combine in one material the most valuable properties of the original substances, where individually, they do not exhibit the whole set of requirements, therefore enhancing the performance characteristics of antifriction materials. The general principle underlying the creation of antifriction powder materials is to form highly heterogeneous structures that have two components with strictly different functions. The first component is the loadbearing matrix that ensures the necessary strength and the loadcarrying capacity. The second one is the antifriction component that acts as a solid lubricant, reduces the coefficient of friction and increases the wear resistance [13] [14] . In fact, the sintered methods involve the analysis of the interaction of its components during the production process because the structure and phase transformations at the interface produce the general structure.
It is well known that the copper-based bronze has a long history of development and applications in the automobile and engineering industries as bearing materials with or without overlay. Copperbased bronze is particularly used in the friction devices of various mechanism and applications due to their heat conductivity, wear resistance and stable chemical properties [3, 12] . The copper-lead alloy has sufficient fatigue strength with good seizure resistance to be used with an overlay as an engine bearing material.
However, lead is widely perceived to have an inherent toxicity that causes deleterious and cumulative toxic effects on the environment [15] [16] [17] [18] [19] [20] . In order to meet the requirements of future Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/triboint possible applications, it is important to improve the existing and to develop new lead free materials with enhanced tribological properties [21] . Bismuth is another material with properties similar to those of lead. It is, however, nontoxic and is suitable for replacing lead as a seizure resistant material both in the overlay and in the lining materials [22] [23] [24] [25] . The extensive use of nano-structured materials in the automotive and the engineering industries has increased due to their high strength, high thermal stabilities and high wear resistance in comparison with monolithic alloys [2] [3] . These advantages are in addition to the availability of inexpensive reinforcements, cost effective processing methods and the unique combination of improvement in mechanical, tribological and thermal properties.
Some researchers [26] [27] [28] [29] [30] [31] have summarized the role of addition of SiO 2 nanoparticles on the tribological behaviour of friction materials (FMs). Their results indicate that the SiO 2 nanoparticles were believed to be the ideal solution that exhibits remarkable wear resisting and friction reducing behaviours. Some publications [32] [33] [34] [35] investigated the structure and the tribological properties of SiO 2 nanoparticles additive in many organic solvents such as diesel oil, liquid paraffin and on the zinc phosphating of carbon steel. These nanoparticles show superior dispersivity and better corrosion resistance. They were imbedded into the micro-cracks on the surface of the friction couples to prevent the cracks from further expanding and to increase the anti-wear ability. Shang et al. [36] examined the tribological behaviour of Cu-SiO 2 composite. They concluded that the main formation mechanism of the laminar-structured tribolayer is the grain boundary sliding. Despite the large number of reports on the performance of the copper-based alloy and copper reinforced composite, the quantity and the content of the works published in this area do not seem sufficient to draw a plausible conclusion about the overall tribological behaviour and the wear mechanism of copper-based alloy/nanosilica prepared by sintering process.
The aim of this study is to evaluate the effect of an addition of nanosilica SiO 2 on the tribological and the mechanical behaviour of some copper-based materials. In this paper, we present our experiments and results on the friction properties using the ball on disc technique and the changes in microstructure correlated with nano-SiO 2 and the wear mechanisms.The wear rate and the friction coefficient are the two parameters used in the comparative study between these alloys and corresponding conventional material.
Materials and experimental procedures

Materials
Electrolytic and spheroidal copper powder (Cu) (average grain size 50 mm; 99.98% purity), pulverised spheroidal tin powder (Sn) (average grain size 60 mm; 99.99% purity), pure spherical bismuth powder (Bi) (average grain size o150 mm; 99.98% purity), and spheroidal SiO 2 nano silicate particles (average grain size 30 nm) were used as multilayers coatings. Mild steel discs of 30 mm diameter and 3 mm thickness was used as the substrate for these coatings. Four multilayer composition labelled S 1 (Mild Steel/CuSn/SnBi), S 2 (Mild Steel/CuSn/SnBiSiO 2 ), S 3 (Mild Steel/ CuSiO 2 /SnBi), and S 4 (Mild Steel/CuSiO 2 /SnBiSiO 2 ) were built and tested.
The composites materials were manufactured by using PM technology which consisted of compacting and sintering the powder at high temperature. The material details of the linings are listed in table 1. Square samples of 20 mm side length were cut from conventional bearing bronze (SAE 49P) and considered as a reference. The chemical composition of the conventional bearing bronze and the above samples are shown in Table 1 .
Prior to sintering, the Cu-5 wt% Sn and Cu-1 wt% SiO 2 powders were mechanically mixed in a revolving crushing jar at a speed of 60 revolutions/min during 24 h. The morphology of milled Cu-5 wt% Sn has an irregular shape with average particles size of about 30-95 mm while milled Cu 1%wt% SiO 2 has spheroidal shape morphology with average size of about 40-50 mm. This mixture was deposited on the copper electroplated steel backing discs of 30 mm diameter and 3 mm thickness.
The discs were used as substrates and then compacted using a hydraulic press at 250 MPa pressure. Most of sintering process was done in hydrogen and the first sintering layer was formed at 900 1C over an hour, followed by the second layer using the SnBi 40 wt % mixed powder and/or SnBi mixed powder with addition of 1 wt% SiO 2 nanoparticles (Fig. 1 ). The second sintering temperature was at 550 1C for one hour in hydrogen. These sintering temperatures were chosen to maintain the optimum mechanical properties and the minimal porosity of the composite. The porosity of the studied specimens was about 8% after the sintering. The microstructure of each configuration was analysed by Optical microscopy and Scanning Electronic Microscope (SEM) (FEI, Quanta 600).
Friction and wear tests
The tribological tests were performed under laboratory conditions (temperature, T ¼25 1C, humidity 50%) using the ball on the disc test wearing-"Tribotechnic standard ISO 7148" (Fig. 2) . The disc samples of the deposited films were sliding against the ball of 6 mm diameter made of steel 100C6. The wear tests were carried out under a lubricant atmosphere with the normal loads of 10 and 12 N. The specimens' sliding speeds were 15 and 30 mm/s over a constantly maintained sliding distance of 4000 m for each sample that corresponded to a time scale of 38 and 74 h. The selected lubricant was the commercial oil MA5 supplied by a manufacturer group Peugeot-Citroen PSA. The friction coefficient was monitored in real time during the tests. The resulting material loss due to the wear and parameters of rugosity before and after wear tests were measured using WYKO NT9300 non-contact optical profiler (Veeco) interfaced with Vision s 32 software under sealing interferometry according to two processes PSI "Phase Shift interference" (Rto150 Nm) and VSI "Vertical Shift Interference" (Rt4 150 Nm). In this work, VSI was used. The results were obtained for the different specimens that were run at different loads and speeds. Scanning Electronic Microscope (SEM) (FEI, Quanta 600) characterized the worn surface after each test. Fig. 3 illustrates the construction of the multilayered specimens under investigation. Fig. 4a shows the optical micrograph of the conventional copper-based reference material layer. This optical micrograph shows that microstructure of SAE contains a dendritic structure with large globules of lead (dark) and copper dendrites (light). Fig. 4b shows the first manufactured deposited layers that depicts a similar microstructure with a uniform and fine dispersion of the copper matrix. The light areas are the copper-rich matrix phase of the primary and monotectic constituents and the dark areas are the thin-rich phase. Fig. 4c shows the SEM micrograph of the CuSiO 2 first layer. It can be noticed that the aggregates of SiO 2 nanoparticles (area indicated by "A" in Fig. 4c ) are unevenly distributed in the copper matrix. Fig. 4d and e shows the SEM micrographs of the SnBi second layers with and without the addition of nanoparticles respectively; the microstructure of binary layer consists of tin rich phase α, a dendrites surrounded by the dark areas which is the Bismuth rich phase.
Results and discussion
Microstructures
Friction performance
The variation of sliding dependences of the friction coefficient (COF) under different conditions for each material is shown in Fig. 5 . The behaviour during the early stages of the sliding varies considerably. It can be seen from the curves that the initial friction coefficients have increased rapidly with the sliding distance to a relatively steady value after approximately 100 m. This increase in COF corresponds to an increase in apparent contact area. In the first cycle, there is a line contact between the ball and the disc. However, the ball gradually adopts the profile of the disc as the wear occurs. It results in an increase of the apparent contact area until the contact occurs across the full diameter of the ball due to a certain conformation of the sliding surfaces. Fig. 5a reveals the variation of COF of S 1, where it can be noted that, at the start, the fluctuations of COF are the smallest in all conditions and its value range between 0.08 and 0.12. As the sliding distance increases, the value of COF fluctuates between the minimum values of 0.07 to 0.11. The initial value of COF decreases in all conditions, this decrease is then followed by broad gorge, after which COF reaches the steady value ranging from 0.09 to 0.11. Ultimately, the highest COF of 0.11 is observed for S 1 at 12 N 15 mm/s and the lowest COF of 0.08 is obtained at 10 N 15 mm/s and 12 N 30 mm/s. Fig. 5b shows different system behaviour, in S 2 materials that illustrates smooth friction coefficient characteristics. In addition, it is evident that the friction curves for 10 N 15 mm/s become relatively stable as the sliding distance increases and COF reaches a stable value of 0.08. At the end of the running-in process, COF for 10 N 30 mm/s reaches a stable value (0.074) and it does not change significantly. The COF for 12 N 15 mm/s decreases to 0.105 at the initial running distance; after which, the friction coefficient reaches a stable value of 0.11. Furthermore, the curve behaviour for 12 N 30 mm/s includes a decrease from the initial value of friction, followed by a broad peak (0.06-0.07), after which COF reaches the steady value (0.08). Fig. 5c shows the variation of COF, of S 3 under all conditions. This variation has a poor initial reduction in the first 500 m of the test, while the surface gets adapted to the working mode with the exception of the evolution of friction coefficient curve under parameters of 10 N 30 mm/s. This curve depicts a quick initial reduction followed by a steady state at 0.045. The friction coefficient increases to 0.105 for 10 N 15 mm/s, after which, COF remains stable until the end of the test. In summary, the highest COF (0.105) occurs for 10 N 15 mm/s, whereas the lowest COF (0.045) occurs for 10 N 30 mm/s. Fig. 5d shows that, after a short running-in process, COF of S 4 gradually decreases with the sliding distance and reaches a steady state for most cases, with a narrow range of fluctuations in the case of 10 N 15 mm/s, with the exception of COF for 12 N 30 mm/s, where it decreases far quicker and forms a broad peak.to reach a steady state value.
In brief, the highest COF (0.08) occurs for 10 N 15 mm/s, 12 N 15 mm/s and 12 N 30 mm/s, whereas the lowest COF (0.06) occurs for 10 N 30 mm/s. Fig. 5e depicts the changes of the friction coefficient with the sliding distance of the conventional material (SAE 49P). At the beginning, COF increases rapidly with the sliding distance in a short period of time, and reaches a stable value after approximately 300 m. It can be seen that COF characteristic is the smoothest for 10 and 12 N at 30 mm/s. However, at low speed, the friction coefficient characteristic shows the greatest instabilities.
The lowest COF (0.074) occurs for 10 N 30 mm/s and the highest (0.149) occurs in all others cases.
The load-speed sensitivity of COF and friction stability are considered in order to compare the performance materials under investigation as seen in Fig. 6 . The salient observations are:
COF versus sliding distance curves show similar characteristic for all the tests carried out, a transient period followed by a single steady-state regime ( Fig. 6a-d) ;
COF of the studied materials is in the range of 0.04-0.18. There is less variation of COF for the materials with SiO 2 nanoparticles compared with materials without. SAE 49P leads to higher COF than S 1 -4 . Furthermore, the materials with SiO 2 nanoparticles have the lowest value;
with the increased load at lowest speed (15 mm/s) ( Fig. 6c ), the COF of S 1, S 2 and SAE 49P increases. It also exhibits the highest COF as compared to S 3 and S 4 ;
with the increased load at highest speed (30 mm/s), the COF of SAE 49P, S 3 and S 4 increases (Fig. 6d ). Nevertheless, COF of S 1 and S 2 reaches a steady value.
In general, COF of S 3 and S 4 is smaller for the materials nanoparticles addition, than all other materials for most conditions. In our study, experimental proofs have established that: friction coefficient of all studied specimens versus sliding distance is generally lower than those of conventional material (SAE49P) [22] [23] [24] .
However, for all experiments, COF shows similar characteristic for an initial transient period followed by a steady state regime. Initially, there is a run metal to metal contact that takes place due to an inadequate and unstable oil film between mating surfaces, resulting in high friction coefficients. However, as the sliding distance increases, the stable oil film forms and its thickness increases giving rise to less metal-to-metal contact. When the thickness of the oil film becomes sufficient to separate the mating surfaces substantially, the friction coefficient reaches almost constant level. The average values of the friction coefficients for all the studied specimens range from 0.04 to 0.1. It can be concluded that the friction coefficient of the specimens with SiO 2 nanoparticles is lower than that one of the specimens without nanoparticles [28] [29] [30] [31] . The addition of nanoparticles is better suited to create a positive synergetic effect in terms of tribological performance. In the composite, the reinforcement particles support the load to reduce the touch area between the ball and the studied specimen's surface and to decrease the friction coefficient. It can also prevent the scratch and cut from the surface.
Wear results
Alternating the sliding speed and the applied loads reveals different wear regimes for the copper modified materials. Fig. 7a depicts the variation of S 1 wear rate.
As it can be seen from this figure, an increase of sliding speed at the applied load of 10 N results in an increase of the wear rate. However, at applied load of 12 N, the wear rate decreases as the sliding speed increases. Similar behaviour is exhibited by S 3 and S 4 (Fig. 7c-d) . It is also observed that S 2 exhibits the lowest wear rate with an increase in load for the same speeds.
In addition, an increase of sliding speed results in a relative increase of the wear rate of S 2 for the same applied load (Fig. 7b ). When the sliding speed increases for the normal load of 10 N, a similar trend in the wear rate for all the materials is noticed, except for the conventional material, which shows the lowest wear rate with the increase of the sliding speed (Fig. 7e) . The wear rate for S 1, S 3 and S 4 at the applied normal load of 12 N decreases significantly with the increase of the sliding speed (Fig. 7a, c and  d) . At the same load, an increase in the sliding speed results in a relative decrease of the wear rate of S 2 and SAE 49P ( Fig.7b and e ).
Considering the wear rate of the conventional bearing, the rate of the alloy (SAE 49P) is high compared with the other alloys for the same applied conditions. The wear rate of all the materials is plotted as a function of the applied normal load and the sliding speed as shown in Fig. 8 . At the initial stages (low load 10 N and low speed 15 mm/s), the highest wear rate occurs in SAE 49P whereas the lowest value occurs in S 3 (Fig. 8a) . With an increase sliding speed at the same applied load, the highest wear rate occurs in S 2 and the lowest in S 3 (Fig. 8 b) . However, with the increase load (12 N) at the sliding speed of 15 mm/s, the highest wear rate occurs in S 4 and the lowest in S 2 (Fig. 8c ). At the same load (12 N) and an increase in the sliding speed (30 mm/s), the highest wear rate occurs in conventional material (SAE 49P) while the lowest wear rate in S 4 (Fig. 8d ).
Worn surfaces characterization
To further understand the wear mechanism, the surface of the counterpart steel rings, which has rubbed against the studied specimens, is also analysed by SEM ( Figs. 9-13 ). Fig. 9a and b shows a surface morphology of S 1 at the applied load of 10 N the sliding speeds of 15 mm/s and 30 mm/s respectively. It can be noticed that there are large areas of plastic deformation implying the occurrence of a dominant adhesive wear mechanism [28] . The low wear rates and smooth worn surfaces are mainly due to the combination of self-lubrication function of Bi particles in the friction process and porosity. It can be seen that the porous surface enables it to absorb more lubricant. As a result, the absorbed lubricant reduces the direct contact of the sliding couple; hence, the wear rate is reduced. With the increase of the applied load, the large plastic deformation appears in the contact surfaces. The two surfaces are prone to stick to each other due to the heat friction that is induced by rubbing, thus leading to a higher friction. Since S 1 material is softer than the ball, the former is plastically deformed more easily. The significant cracking action of the weak regions indicates the effect of the plastic deformation during the abrasion wear, as they appear parallel to the sliding motion (Fig. 9c) .
The smearing and scratches along the sliding direction depict the worn surface in Fig. 9d . The back transfer of the contact surface from the ball to the sample surface produces the smearing while the ploughing action of the hard particles and the wear particles formed during sliding produce the scratched area [37] .
The examination of the worn surface of S 2 at 10 N and sliding speeds (15 and 30 mm/s) presents a significant adhesion ( Fig. 10ab) . At the same time, the debris look like chips and a linear relief appears with sharp edged asperities and scoring. In these cases, the wear pattern is typical for the running process accompanied by intensive wear. Fig. 10c and d presents the worn surfaces of S 2 at 12 N showing that the abrasive wear is dominant. It can be seen from these figures that the continuous wide grooves and the considerable extent of microcuttings are deep on the worn surfaces. Fines debris particles also appear to stick to the surface (Fig. 10c ) and can be attributed to the pull-out of the hard particles of SiO 2. These particles penetrate the surfaces and displace the elongated chips of the materials. However, the fine particles of SiO 2 can improve the wear resistance by hindering the deformation of the material during the sliding process [30, 31] .
The adhesion with the shearing and the crater of the fragile plates in the worn surface of S 3 are observed for 10 N 15 mm/s (Fig. 11a) . The smooth and the compact worn surfaces in Fig. 11b indicate that the wear mechanism is mainly dominated by adhesion. Fig. 11c shows the worn surface of S 3 at 12 N 15 mm/s, which is deformed plastically, and also illustrates the presence of few grooves with some large flaking pits. Clearly, the worn surface of S 3 at the lowest normal load becomes more compact. The compact films can effectively decrease the direct contacting area between the Cu-based composites and the counter-surface; therefore, improving the wear resistance of the Cu-based composites. Fig. 11d shows that the worn surface at the higher condition is relatively rough and exhibits plastic deformation. Fig. 12 shows the SEM micrographs of the worn surface of S 4 where the plough and the plastic deformation are the dominant effect. It is noted that the worn surface is completely smooth and flat and it contains wear tracks in the direction of the sliding. Some abrasive particles generated from loose debris can be seen in Fig. 12a . It appears that the shearing and deformation of the fragile asperities are due to the repeated mechanical loading at the lowest conditions. The peeling off and the breakage are the dominant wear modes, implying that a major share of the normal load was supported by the materials. The micro-abrasion phenomena with scars and layers are observed in the worn surface of S 4 at 10 N 30 mm/s (Fig. 12b ). From Fig. 12c , the worn surface of S 4 appears smooth and exhibits rather irregular and shallow sliding marks with more fine debris particles also appearing to be stuck to the surface. The worn surface is relatively rough, and exhibits rather irregular and deep sliding marks with cracked edges. In addition, some dimples and large pits can be seen on the surface of the tracks caused by the cutting action of the abrasive particles generated from loose debris (Fig. 12d ). Fig. 13 shows the presence of multiple parallel scratches or deep grooves of the track in the worn surfaces of the conventional material (SAE 49P) under the different test conditions. The features observed on the wear surfaces of the samples at the higher conditions are identical to those at the lower conditions. The abrasion on the worn surface of conventional material appears to be dominant practically under all testing conditions. Fig. 13a illustrates that compacted asperities and large grains partially remain and connect together the studied specimen's surface network formation body, which ensure a good bonding between the coating and the substrate rough surface with deep microcracks. A severe abrasion damage is observed on the wear surfaces ( Fig. 13b ) whose severity decreases as the test's speed increases. Fig. 13c shows some detachment of debris and Fig. 13d indicates the presence of microcracks and debris adhesion to the wear surface.
It is well known that the wear process generally experiences three stages: surface interaction, surface damage and wearing pullout. The wear types mainly include abrasion, oxidation, delamination, adhesion, and thermal softening and melting [38] [39] [40] . Indeed, Bowden and Tabor [9] proposed that the two main contributing factors to friction generated during sliding wear could be described by (i) adhesion of flat regions of the sliding surfaces and (ii) abrasion by wear particles and hard asperities. Other researchers [37] argued that a third term should be introduced, namely the deformation of the surface asperities. Actually, abrasion can be regarded as a kind of plastic deformation. At this point, the dominant wear mechanism is the adhesive wear accompanied by a mild abrasive wear. Adhesive wear occurs at the asperity contacts at the interface and these contacts are sheared by sliding. This process may result in a detachment of fragments from one surface and an attachment to the other surface [28] [29] [30] [31] . Note that no clear correlation is found between friction and wear. Indeed samples S 4 (Figs. 6c and 8c ) exhibit the lowest friction but the highest wear. The current results suggest that friction occurs essentially from the subsurface deformation that does not necessarily lead to the wear debris and (wear) detachment. Furthermore, the debris detached from the deformed materials can remain trapped within the surface contact and smear on the contact surface.
Influence of rugosity
The surfaces of the different materials under investigation have been analysed for surface quality before and after the tests of friction-wear using the profiler Wyko NT9300 0 s graphical tools ( Fig. 14) [41] . Effective surface profile evaluations have been carried out with the help of the recognised statistical descriptors of height where R z is the average maximum height from individual peak to valley, and R t is the maximum distance between the highest peak and the lowest valley [42] [43] . The Abbot curve or bearing ratio is defined as the ratio of the length of the surface at a specified depth of the profile to the overall length. This evaluation is based on the bearing ratio curves. Mr1 and Mr2, that are the upper and lower volume of fluid retention, determine the extent of surface's profile. The basic statistics of the surface roughness (R z and R t ) and bearing ratio of the surfaces (Mr 1 and Mr 2 ) of S 1 , S 2 , S 3 , S 4 and SAE 49P before the wear test are shown in Table 2 . The properties of the solid surfaces are crucial to the surface interaction because they affect the real area of contact, friction, wear, and lubrication. On the other hand, an isolated analysis of the roughness can lead to a false characterization of the tribological phenomena. R t , maximum peak to valley, is very sensitive to small variation in the profile and gives information on the length characteristics. Fig. 15a -e shows the variation of R t and R z of S 1 , S 2 , S 3 , S 4 and SAE 49P respectively. One can conclude that at the lower sliding speed, R t and R z of S 1 (Fig. 15a ) increase with an increase in the applied load. At the highest sliding speed, R t and R z observed a light increase with an increased in the applied load. The sensitive parameters R t of S 2 (Fig. 15b ) increase with an increase in the applied load but the values of R z varies inversely with the applied load at 15 mm/s. However, R t and R z increase significantly with the applied load at 30 mm/s. Fig. 15c depicts that R t and R z of S 3 at 15 mm/s increase with an increase of the load. However, at highest sliding speeds, the sensitive parameters remain practically constant. Fig. 15d shows that R t and R z of S 4 reach their maximum value at the applied load of 12 N and the lowest sliding speed. However, at 30 mm/s, R t increases proportionally with the applied load and R z changes inversely with the increase of the applied load. The sensitive parameters R t and R z of SAE 49P (Fig. 15e ) reach their minimum values at the load of 12 N and speed 15 mm/s and the maximum value at the same load and speed 30 mm/s. Fig. 16a shows the Abbot curves of S 1 , before the wear tests. It can be noted that the surfaces of all materials have smooth distribution of the bearing surface with a single slope in the middle, which is a feature of the polished surfaces. Nonetheless, the sliding wear alters the surface's distribution significantly by producing an initial peak and introducing several slopes in the middle of the curve as observed in Fig. 16b . It is not clear whether these irregularities have significantly contributed to the worn surface [44] . However, they increase the number of peaks and the magnitude of the local peaks whose distribution is nonuniform. The similar phenomena occurs for all the other materials (S 2 , S 3 , S 4 , and SAE49P respectively) after the wear tests are observed. The formation of peaks implies an increase in the number of slopes.
Mr1 and its variation with normal load during sliding in different materials investigated under sliding speed of 15 mm/s and 30 mm/s are shown in Fig. 17a and b respectively. Mr1 characterizes the fraction of the surface, which consists of small peaks above the main plateau. It is observed that for S 3 , Mr1 is higher compared to all other materials and it has the lowest value for S 4 , except for the load of 12 N at the sliding speed of 15 mm/s where surprisingly S 2 has the lowest value of Mr1 and S 4 keeps the highest Mr1 (Fig. 17a) .
The evolution of the fraction of the surface, which will carry the load during the practical lifetime of Mr2, is seen in Fig. 17c and d . It is perceived, that the area, available in the inner recess for lubrication purposes in all materials, remains fairly negligible, almost null with increasing load, at around (100-Mr2)%, 0%. With exception of S 2 , this area increases significantly with increasing load at 15 mm/s as Fig. 17c . The same phenomenon is observed for S 4 at sliding speed of 30 mm/s in Fig. 17d .
Conclusion
Four configurations of mild steel/CuSn/SnBi multimaterials system were fabricated by powder metallurgy process with addition 1 wt% of SiO 2 nanoparticle. The tribological properties of these four studied specimens were improved in comparison with conventional material for journal bearing, which were investigated by lubricated sliding test against 100C6 ball at ambient atmosphere. Based on the results obtained in this work, the following conclusions can be drawn:
▪ Under the same test conditions, the friction coefficients of the materials under investigation have similar variation trend. ▪ The friction coefficient of the four specimens is in the range 0.04-0.1, which is much lower than that of reference SAE 49P (in the range 0.12-0.16); The lowest friction coefficient occurs in most conditions of S 3 and/or S 4 . ▪ The Highest wear rate and friction coefficient in most applied conditions occurs in the reference material. ▪ The lowest friction coefficient and wear rate occurs in most condition of the studied specimens with SiO 2 nanoparticles (S 2 , S 3 and S 4 ). ▪ The wear rate increases with an increase in sliding speed and decreases with an increase in applied load; the wear rate of the reference material decreases with an increase in applied load. However, at the lowest applied load, the wear rate decreases with an increase in sliding speed, and at the highest applied load, the wear rate increases with an increase in sliding speed. ▪ The dominant wear mechanism is the adhesive wear, accompanied by a mild abrasive wear. ▪ The sensitive parameters of surface profile like R t and R z of S 1 increase with an increase in applied load at the lowest sliding speed and barely change at the highest sliding speed. One can observe an inverse behaviour in the parameter of the reference material SAE 49P under the same conditions. However, these parameters of S 2, S 3, and S 4 with nanoparticles addition depict abstruse variations in the same conditions. This could be due to the hard nanoparticles. ▪ The sliding wear alters the distribution of the surface significantly by producing an initial peak and introducing several slopes in the middle of the Abbott curve.
